Wavelet-Domain  Reconstruction  of  Lost  Blocks  in 
Wireless  Image  Transmission  and  Packet-Switched 

Networks 

Shantanu  D.  Ranc.  Jeremiah  Remus,  Guillermo  Sapiro 
Department  of  Electrical  and  Computer  Engineering 
University  of  Minnesota.  Minneapolis.  MN  55455.  USA 
guillc@ccc.iimn.edu. 


A  fol  scheme  rm  Mimkf -dunjia  inCcipulutiuii  UM  iiuu>:<  block*  in  Wire- 

kv.  Uikixc  ummmWh*  »  presented  in  th»  pufc/.  Ihe  algorithm  h  <fc. 

signed  to  Ik  cumpoUbk  will  tin  nut ikl.bAMd  Jf  KGIflOO  iaugt  compres¬ 
sion  xmmU/cI.  In  the  UMNak^iM  erf  Moekimkd  imoftt.  fnlm*  io  wU*- 
lev.  ctiunncls  uni  oju/iMiuii  in  pockcCs'Mitiftnrd  mtuuiks  cmw  ettlift 
bbKi.%  tu  *K  kM.  lllttC*d  of  ME  rvlr.llt»M*»tlIII  qUCTV  | MOfeiCCrfv. 

w «  recumt/uit  Ok  k»»C  Mink  in  the  wjwWltlnmjiii  u*iur.  tlx  ceKfelutUxi 
between  the  lust  Wnl  iod  its  luifhburx.  Ihe  jI/ui  ilium  Hist  use*  w  simple 
method  tu  dctvi  mine  the  picscttfe  te  uliscuce  of  ed ty%  in  the  lost  him  k.  1hx. 

»>  rulhfHul  t>»  *a  mtt  rpohilwu  scheme.  designed  to  uunittii/e  the  hlmkittc* 

eflect.  while  pi  esenittg  the  edpa  or  leituie  in  the  interior  of  the  block.  The 
iatctpofatMtt  scheme-  miaitttu*  Ihe  Mfuutc  erf  the  emu  between  the  border 
cMrfnoentfc  of  the  koi  lil.uk  *ad  thus*  uf  its  nd|hbO r*.  lit  emh  Uumbum 
tttk.  11k  f*.-f  fiiiuuiue  of  the  alguiitbm  un  slundMid  test  images.  kt  Inw 
ceenpututMual  utcrlKwd  At  the  dxudcc.  and  it*  pci  fmmuiicv  \fc-ft-vf*  oUki 
reeunstraclMn  sthtfiucx  it  discussed. 

I.  Introduction 

In  conution  operation  of  the  JPEG2DOO  slill  image  comptcsMun 
slandatd  ( 1 1.  the  encoikrr  tiles  the  image  into  blocks  o!  n  x  n  <n 
being  a  power  ol  2)  pixels,  calculates  a  2-D  DWT.  quanli/cs  the 
transform  coefficients  and  encode*  them  using  arithmetic  cod 
ing.  In  common  wifeless  scenario*,  tlx*  image  is  transmitted 
user  the  wittiest  channel  block  by  block.  Due  to  se\*eie  lading, 
entire  image  blocks  can  be  lost.  In  |2|  the  authors  tepoil  that 
ax*erage  packet  loss  fate  in  a  wireless  environment  is  3.6*.*  and 
occurs  in  a  Kji sly  fashion. 

Emir  resilient  channel  coding  schemes  <e.g..  Forward  Error  Cor¬ 
rection)  use  Reed  Solomon  codes  or  convolutional  codes  to  re¬ 
construct  the  loti  portion  ul  ihe  bitstream,  sacrificing  sortie  use¬ 
ful  bandwidth  in  the  process.  This  method.  which  is  designed 
for  a  fixed  bet  error  rale  (BER).  cannot  completely  prevent  loss 
of  dala  when  the  BER  is  unknown.  as  in  rnosl  practical  cases. 
The  common  techniques  to  recover  the  lost  block  are  grouped 
under  Automatic  Retransmission  Query*  Protocols  (ARQl.  As 
noted  in  |3|.  ARQ  lowers  dala  transmission  rates  and  can  further 
increase  the  network  congestion  which  can  aggravate  Ihe  packet 
loss.  Instead,  we  show  that  il  is  possible  lo  salts  (actor  tly  re¬ 
construct  ihe  lost  blocks  by  using  Ihe  available  inhumation  sur¬ 
rounding  (hem.  1  The  basic  idea  is  to  first  automatically  classify 
the  Mock  with  respect  to  llte  presence  or  absence  ol  an  edge,  and 
then  lo  interpolate  the  missing  block  from  its  X-neighborhood. 

1  Tit:  liK^KOof  lust  J.4.I.  if.  lira  mug;  Nocks.  »  kaif*u  uummum  w  xdc<* 

SiCCUftOS 


We  lest  tlx-  proposed  schenx-  with  a  variety  of  images  and  simu¬ 
lated  Moc  k  losses.  We  show  tluit  a  rvconsJiuctiun  of  acceptable 
v  isual  quality  and  high  PSNR  is  obtained  al  a  considerably  loxv 
computational  cost. 

II.  Previous  related  work 

Purely  decoder  based  error  concealment  in  baseline  JPEG  coded 
images  has  been  tkrmonslrated  in  Ihe  image  domain  and  in  the 
DCT  domain.  Though  wavelet -domain  methods  to  reconstruct 
entire  lost  blocks  have  not  yet  been  reported,  vunous  studies 
have  stK'ccKtfully  used  the  wavelet  frame wxtrk  lor  texture  syn¬ 
thesis  1 4).  reconstruction  of  edges  which  are  distorted  dunng 
compression  |5).  and  enhancement  of  edges  which  are  blurred 
during  interpolation  |6|. 

In  |7|  die  authors  provide  a  survey  ol  commonly  used  error  con¬ 
trol  and  concealment  mclhtxls  in  image  transmission.  Image  do¬ 
num  methods  use  interpolation  as  in  |X).  or  separate  reconstruc¬ 
tion  methods  lor  structure  and  texture  as  in  |9|.  Most  transform 
based  methods.  nolaMy  those  described  for  MPEG -2  v  ideo  in 
1 10)  and  earlier  for  DCT- JPEG  images  in  |X|.  assume  a  smooth¬ 
ness  constraint  on  die  image  intensity.  These  methods  deline  an 
object  function  which  measures  the  variation  al  the  border  be¬ 
tween  the  lost  block  and  its  neighbors,  and  ihen  proceed  to  mini¬ 
mize  tins  object  t unction.  The  week  in  1 1 1 1  describes  a  different 
DCT  based  interpolation  scheme  which  uses  only  X  border  pix¬ 
els  lo  reconstruct  live  64  lost  DCT  coefficients.  The  idea  of  |X). 
which  exploits  inter  block  correlation  and  minimizes  the  squared 
emir  between  Ihe  lost  block  and  its  neighbors,  forms  the  start¬ 
ing  point  of  the  present  w iwk.  The  novelty  ol  our  method  is  llut 
it  first  classifies  tlx*  lost  Mucks  as  "edgy”  and  "non-edgy”.  and 
then  selectively  applies  tlx  linear  least  squares  interpolation  on 
v  arious  scales  of  the  DWT.  No  side  information  about  the  image 
is  assumed  in  this  study.'1 

2D  IXjik&ij  jisJ  R.  DcMcc  i«r  amenity  w«kiti£  un  ax  iiilctp)L*x«>  scheme 
fused  m  wutefcrt*  at  «eH (C.  S vhwjfU.  pcesucul  cuftattUiiKAlvMi) 

3 The  liyered  « of  JPEG2000.  tkKiRod  xu  |I2|.  proviA^  i\k 

of  SNR  vcaIaIiiIiIv  iml  iitaxfj.il  emu  pfdcvtiuii  HfiKC.  iiupiium  in- 
(uiiuliiin  like  lit:  IX*  » jJur  uf  AhkcL  i%  uk*: mhk-J  uilu  liu  h  |muf  fgUlflfl 
Icvdt  wftikr  the  (nhlKOntt  ibfiuiiulioo  is  Assrtiibk-tl  into  k>w-f«iiml> 

pickets  RcIkaI  tfiiiKUxssiuu  of  ^ujjjiiK-cU  (u;L'U  is  iiliifsvsj  by  illuc^Ka  uf 

rn«r  crra^xomcikm  he*  aisJ  >r«xc  tvmsiMer  pjwrf.  .a  am^cnl  tu  tl»c  cn- 
tuiKmcnl  p^krl*  Wc  .i^umr  ihrirfuK-  Out  the  DC*  valts:  &  isviibhk  t»>us. 

uho»  .« k»l  bfiKk  IS  tu  be  nxmcJm.lnl  If  Ubs  auMliiftfiOii  is  Jicpf*.-d.  ih:  DC 
olaujeKct  iikIIk«1  in  f  1 51  ciKiVJ  be  u«ril 
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14  ABSTRACT 

A  fast  scheme  for  wavelet-domain  interpolation  of  lost  image  blocks  in  wireless  image  transmission  is 
presented  in  this  paper.  The  algorithm  is  designed  to  be  compatible  with  the  wavelet-based  JPEG 2000 
image  compression  standard.  In  the  transmission  of  block-coded  images,  fading  in  wireless  channels  and 
congestion  in  packet-switched  netw  orks  can  cause  entire  blocks  to  be  lost.  Instead  of  using  common 
retransmission  query  protocols  we  reconstruct  the  last  block  in  the  wavelet-domain  using  the  correlation 
between  the  lost  block  and  its  neighbors.  The  algorithm  first  uses  a  simple  method  to  determine  the 
presence  or  absence  of  edges  in  the  lost  block.  This  is  followed  by  an  interpolation  scheme,  designed  to 
minimize  the  blockincss  effect,  while  preserving  the  edges  or  texture  in  the  interior  of  the  block.  The 
interpolation  scheme  minimizes  the  square  of  the  error  between  the  border  coefficients  of  the  lost  block 
and  those  of  its  neighbors,  at  each  transform  scale.  The  performance  of  the  algorithm  on  standard  test 
images,  its  low  computational  overhead  at  the  decoder,  and  its  performance  vis-a-vis  other  reconstruction 
schemes,  is  discussed. 
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lucOctetin  greater  duo  Tl. 

III.  The  proposed  algorithm 

Once  live  missing  block  has  been  delected.  the  reconstruction 
of  lost  blocks  includes  llu:  following  steps:  l.  Classify  losl 
blocks  into  “edgy"  and  “non  edgy.'*  2.  Reconstiucl  edgy  blocks 
from  selected  edgy  blocks  in  the  8  neighborhood  and  nonedgy 
blocks  faint  selected  non  edgy  blocks  in  the  8 -neighborhood. 
We  now  proceed  lo  dcscnlv  each  one  of  these  components.  In 
the  following  explanation  and  the  results,  we  haw  used  8x8 
tiles,  though  ihe  method  is  easily  extendable  for  16  x  16  and 
larger  tiles. 

A.  Block  dasufieation 

JPK<«20(Xf  successively  applies  die  wavelet  transform  to  decom¬ 
pose  each  S  x8  In  x  n  in  general)  tile  into  a  pyramid  ol  Ivon/on- 
tal.  vertical  anti  diagonal  details,  as  shown  in  big.  I.  <See  1 14|. 
1 15)  for  implementation  details).  The  magnitude  of  a  wavelet 
coefficient  specifies  both  ihe  amount  of  change,  as  well  as  die 
spatial  location  at  which  the  said  change  occurs.  Of  live  avail¬ 
able  scales  shown  in  big.  I.  level  Cl  is  too  coarse,  while  level 
2  coefficients  represent  very  localized  details  and  may  even  ap¬ 
pear  noisy.  Hence  we  choose  level  1  coefficients  to  determine 
live  presence  or  absence  of  an  edge.  Upon  comparing  the  level  1 
coefficients  with  a  threshold  Tl  (determined  after  testing  with 
a  number  of  images),  we  can  ascertain  whether  the  edge,  if 
piesenl.  is  horizontal,  vertical  or  diagonal.  A  vertical  edge  can 
occur  in  one  of  die  4  different  ways  shown  in  big. 2.  Similar 
cases  occur  for  horizontal  and  diagonal  edges.  If  the  lost  block 
fails  to  pass  any  of  these  4  tests,  the  algorithm  decides  dial  it 
does  not  contain  an  edge.  This  is  a  simple  and  computationally 
efficient  technique. 


strucled  determines  winch  ol  die  neighboring  blocks  are  used 
for  reconstruction;  2.  The  above  propagation  of  details  does  not 
cross  an  edge. 

Differing  from  |8).  where  the  authors  always  interpolate  die  lost 
DCT  coefficients  from  the  entire  4 -neighborhood,  our  algo- 
rilhm  selects  which  blocks  among  die  8-neighborhood  will  be 
used  lor  interpolation  based  on  live  classification  ol  Section  HI- 

A.  Tlus  reduces  die  computational  cost  and  m  general  improves 
the  reconstruction  quality  (see  below  t. 

B.  I  Reconstruction  of  edgy  blocks 


To  clarify  the  explanation,  let  us  consider  an  example  where  a 
perfectly  vertical  edge  is  detected.  This  means  dial  live  verti¬ 
cal  details  in  the  lop  and  bottom  neighbors  need  to  be  used  for 
interpolation.  The  horizontal  and  diagonal  details  are.  by  our 
assumption,  negligible,  and  need  not  be  interpolated.  (>n  each 
level,  live  matrix  of  lost  coefficients  is  given  by  X  =  m T  *  n£ 
LY  =  unknown.  T  =  tup.  B  =  bottom).  The  smoothness  con¬ 
straint  U>  find  i/i  and  n  is  that  we  must  minimize  die  square  of 
the  error  at  the  lop  and  bottom  borders,  bor  level  TO.  which  con¬ 
sists  ol  only  one  coefficient  tlus  simply  means  m  =  n  =  a  5. 
Level  VI  lias  four  coefficients  so  that 
..  I  XU  X 12  1  ..  [fit  f  12  i  [frit  6l2  1 


We  find  xu  and  xia  while  minimizing  the  squared  error  at  the 

op  border,  Le  we  solve  X|1  =  m  +n  J11 

r12  M2  M2 


while  minimizing  tt  =  II  Xt  —  Tt  If  where  Xt  = 


and  7k  = 


Then  we  lind  anc*  x&a  while  minimizing  the  squared  error 
at  live  bottom  border,  i.e  we  solve  *rJI  =  m  [ 21  + 

I*?  7  #77 


while  minimizing  tt  =  I  Xt  —  Bt  |~  where  Xt  = 


■and  &  = 


For  8  x  8  tiling,  live  finesl  level  is  V'2.  which  is  a  4  x  4  array  of 
coefficients.  II  we  used  4  x  4  matrices,  we  wxiuld  have  an  under- 
specified  system  of  4  equations  and  2  unknowns.  Hence,  die  in¬ 
terpolation  is  split  into  two  parts  as  shown  in  big.  3.  Thus,  lo  re¬ 
construct  level  1'2.  ^e  have  lo  solve  8  equations  by  live  method 
shown  above.  Pairing  alternate  coefficients  <m  die  border,  and 
successive  cocllicicnts  in  the  interior  is  expected  lo  spread  out 
the  error  introduced  because  of  this  modification.  It  is  important 
lo  note  that,  no  more  than  2  simultaneous  equations  are  solved 
at  any  given  stage  of  die  algorithm.  An  actual  reconstruct  ion 
example  using  tlus  method  is  shown  in  big.  4. 


B  2  Reconstruction  of  non  edgy  blocks 


B.  The  frcanslntclkm  method 

The  mam  assumptions  ol  the  reconstruction  algorithm  are;  1. 
The  type  of  detail  (horizontal,  vertical,  diagonal!  bring  recon- 


In  tlx*  simplest  possible  case  we  need  lo  interpolate  all  types  of 
details  from  all  neighbors  of  the  losl  block.  The  method  lor  in¬ 
terpolating  horizontal  and  vertical  details  is  exactly  a*  explained 
above  lor  edgy  blocks.  The  /Xt  level  will  again  be  live  average 
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Fig.  y  Ro.tiir4iu.tum  Of  WflKlI  Lctd  2.  Suiiil.cly  >Juil;d  ileus  iihftcilr 
uKtU, ictiu  1’in^oJ  iihvi!k*(  u>  tohe  4  rrutiu  cqiuiiun  of  Ac  fannAX  — 
B.  Note,  f»c«i  lli:  riglil  tuiiJ  side  (lguir.  llui  the  u»p  uui  thAkm  bkvl*  i*e 
IK*  used  Kt  revorntnut  the  iiiik-i  iocE*.ieols 


RciCAvd  RlX\'t>H^X*d 

Rg.  A.  RciomtfUitxti  Of  4  cvifcil  » ct  l»i.d  edgv  Tt»i*  it  a  24  X  24  lifc:  Of  llir 

'  BuUtiA  miigc  iiiAgiutkd  4  is&o 

of  the  DO  levels  of  the  4  diagonal  neighbor*.  To  fill  up  the  D 1 
level,  a  lost  D 1  coefficient  it  made  equal  lo  tlx-  closest  available 
D 1  coelliuenl  chosen  Iroin  live  diagonal  neighborhood.  The  D2 
level  is  filled  in  the  same  way. 

In  c*e  an  edge  occurs  in  the  neighborhood  of  ihe  lost  non- edgy 
block,  then  ihe  block  containing  that  edge  is  removed  from  die 
interpolation  process  lo  prevent  the  unpleasant  edge  migration 
effect- 

11  higher  computational  levels  are  accepted,  non  edgy  blocks 
could  also  be  addressed  using  wavelets  based  texture  synthesis 
algorithms. 

B.3  hxlension  to  larger  tiles  and  advanced  reconstruction 

The  compression  performance  of  JPEG2000  increases  with  die 
tile  si/e.  For  larger  tiles  si/es<c.g  61  xfrlMhe  wavelet  subbands 
are  larger,  and  consist  of  a  number  of  codeblocks.  To  repair 
the  high* frequency  subbands  in  this  situation,  we  would  cxploot 
correlation  between  adjaeent  codeblocks.  instead  ol  correlation 
between  adjaeent  tiles.  Hence,  the  lost  codeblocks  will  be  re¬ 
constructed.  by  die  above  mediod.  from  available  neighboring 
codeblocks  in  die  same  subband.  Similarly,  il  higher  compu¬ 
tational  costs  are  permitted.  cross- band  correlation  methods  as 
those  in  1 16|.  1 17|  can  be  incorporated  into  our  framework. 

IV.  Experimental  results 

Since  we  have  no  control  over  die  lading  channel,  there  is  no 
prior  information  about  the  relative  locations  and  number  of 
blocks  that  can  be  lost  in  die  process.  We  note  dial  before  trans¬ 
mission  ol  the  8x8  blocks,  a  packeli/alion  scheme  is  applied 


SimulAlrd  Lftfift  Reacts  l  lUifctl 


Rg.  5.  Rrv\a>!(utK«s<rf  Lena  wifli  PSNR  -  32422  db  Hie  k<tc<ii  t\f*  Ouu> 

'&UiI>  (tuif  .cut  shmAicT)<rftlu*  hum  c  .»ul  the  io«iifuir'0<i  of  mu  tcvhfojur 

<2i>J  .ml  4tli  1  with  Ow  our  by  Hrinuiii  cl  d  <1*1 4ul  3rd) 


Si  nail  si  rJ  t  au  Rcwukliui  x*il 

Rg.  6  RcvocfrUiKlioa  of  O.CiiluIl  uilh  PSNR  -  3 1 4B4  db 

so  that  a  bursty  packet  loss  during  transmission  is  scattered  into 
a  pseudorandom  loss  in  the  image  domain.  Hierelore.  consecu¬ 
tive  image  blocks  are  rarely  lost  and  the  reconstruction  Scheme 
can  use  the  neighborhood  of  the  lost  block  for  reconstruction.  A 
sample  packetization  scheme  may  be  found  in  |2|.  Figs.  5  and 
6  show  the  results  obtained  after  reconstruction  of  272  x  2 72 
sub-images.  The  default  irreversible  Daubechies  bicrthogonal 
9/7  litter,  as  specified  in  the  JPEG 2000  standard,  has  been  used 
in  all  examples.  In  Fig.  5  we  also  see  details  of  the  image  and 
die  comparison  of  our  algorithm  with  llul  of  |8|.  Our  method 
shows  a  belter  continuation  of  die  structures  across  tlx  missing 
block. 

Fig.  7  demonstrates  llie  behavior  of  the  PSNR  with  worsening 
losses  and  also  shows  how  die  execution  lime  increases.  We 
note  that  die  PSNR  remains  satisfactory  < above  34)  db)  even  for 
losses  uplo  153  and  the  C  PU  time  required  lo  repair  this  loss  is 
only  about  80  ms. 

V.  Conclusion 

An  algorithm  for  the  reconstruction  of  lost  blocks  in  JPEG2000 
compatible  decoding  schemes  was  presented.  While  preserving 
smoothness  constraints  as  in  (H)  and  1 1U|.  the  algorithm  uses  the 
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F*g.  7.  PSNR  •  round  Muv*«  fa  inuktu  Wink  h)u.  Eieiul»xi  tuuo 

lupine  AMs|  were  treasured  Oft  u  Sun  Ulna  10  Maifun:  ruunatg  SutXJS  5. 

wavelet  Irumewiwk  u>  provide  a  belter  recociMruclion  of  edge* 
in  the  interior  of  the  lost  block.  The  xchcme  select*  the  edge 
unientation.  and  applies  a  linear  least  squares  problem  to  that 
oiientation  un  all  transform  scales. 

The  interpolation  is  obtained  at  a  very  low  cocnputatH>nal  com¬ 
plexity.  Indeed,  the  must  complex  part  of  the  algorithm  is  the 
solution  ol  AX  =  R.  where  A  is  at  most  a  2  x  2  matnx.  Due 
to  its  last  reconstruction  capability,  its  applicability  towards  re¬ 
construction  of  MPEG  viikro  frames  should  be  investigated. 

The  method  fails  to  reconstruct  image  features  winch  are  com¬ 
pletely  obliterated  during  transmission,  and.  at  present,  is  not 
uniformly  satisfactory  lor  all  diagonal  edges.  Slanting  edges 
which  deviate  slightly  from  the  horizontal  and  vertical  directions 
are  reconstructed  properly.  But.  the  algorithm  has  no  specific  so¬ 
lution  lor  perfect  4:450  diagonal  edges,  and  such  edges  are  not 
satisfactorily  reconstructed  at  tins  low  computational  complex¬ 
ity. 

AckafftkdfBMiu 

WaveLab  iuujio  from  Surdud  1'iiitrtsiiy**  EX-paitmrai  of  SmlsUe»  webiile 
were  tned  10  <1)1. ut  24-DWT  using  ll»r  bucll».’/uu4l  9-7  filter  with  xymottl- 

rit  OlOttiOd  as  spxiflodby  Its:  JPEG2000  Oimtul  J  Remo*  was  suftxutrd 

by  R.EU  (Reicuiih  Exfarriauv  for  Unkiptllia), .» program  funtad  l tj  die 
Nalioiul  SaeiKe  KkioJ.Zko  tfc:  is  wsth  tta;  t’liisnsily  Of  Idafkt  MawtM'.  ID 

83143,  USA.  Tie*  work  was  partiall)  supfurted  by  a  gran:  from  Its:  Oftkc  uf 

Nassd  Rcsctfih  ONR-fUOO  1 4-97- 1-0509.  the  Oftke  of  Nasvd  Rescatli  Young 

Investigator  Aw  .ad.  the  PVesidrtiliid  Early  C^ccr  A uaitfc.  for  2kimlisis  and  En- 

giiKas  <PECASEk  a  Nalioiul  Science  Four ►IiIks*  CAREER  Award,  ai»d  by  die 

Nalioiul  Stic me  Kundition  t/mcr^  and  Intelligent  SvMcrto  Ptirgrain  <LIS|. 

Rimisces 

1 1 1  A NSlodrav  C.  Orfliapaiktt.  and  T  Eteahitfti.  "Jp«g2tD0  Tta: upturn- 

mg  suit  i auyc  tornfuosiun  shcsdaid."  e*f Mr  I  Ilk  Aviv* urtt 

Cotifttrx**  i*  Ail Um  Rmx*x*Mml  fWV/.  A »/***'  pp  159-366.  May 

2000. 

|2t  E  f  Itinr.  "An  image  eating  and  rei\a»tnjctK«s  sthenic  for  uinM:  tom- 

pirtirg,'*  ift  tfw  5M  /AMS  iSptwxr/Vnbrf.  LNCS  MSI* 

p.JJ7./4*  Ox do.  to  J9M.  I'M 

I  M  S  S.  Hniiajui.  ‘Dtgil.il  image  vising  far  rotusi  iiulutudia  liauatoxofi.* 

in  SimpvnM*  ass  ifeVamMu  CmwitwHtairftmt  ms/  Cos  Any.  !%:« 

Yak.  NY).  1995 

14 1  D  J.  Hivsvi  and  J.  R  Bergen.  *  P»i  amid  Ba>t\l  tenure  arutv^V)  lilts: sit 

in  StCCRAPH  95  CtmfrMiur  /TaivMsstfs  iR  Co*.  cd.X  fp  229-23*. 
Adlisaft  Wesky.  1995 

1 5J  G  Fan  and  W  Cham.  "Motk’l -lined  edge  rev  attain.  Inn  far  haw-bx-tile 
wusrVrl  txansforna  currprcucd  images."  IEEE  Tmiu  ass  Ciruntt  Svr/. 

1Mb  Tnktmt .  \\A.  10.  Feh  20®. 

|6|  S  -II  G  (lisig.  7.  CVeitovtf.  .»ul  M.  Wtatt.  -ResolutMi  mlammcK 

of  ma^o  u«iii/  wave  Id  transform  exirerru  c  imputation!'  in  Pnxsnfmxi 
ICAS&P-93  </£*££  Juw  mwV/.smJ  CanftrtJK*  ass  Ai  multi.  -tywiS  mi./Sh- 

nul  r»x sol  4.  iIX-lroHL  Ml.  ISAk  R>.  2579-HXl  1995 
1 7J  V  DcBfUrtftcc  L.  Defirwuier.  L  Wtalg.  ar»J  S  R.»Ji.Andai an.  ” Error  too¬ 
tled  aiai  (MKfillmen  for  Ullage  tiarorrasMOor  IEEE  r«u*mwtiu>ftiuu  So- 

iycIV  Surrcss  atuf  Taft* udx.  sol.  3.  *>.  1 . 20CI). 

IM  S  S  llenuen  and  T  II. -Y.  Mcng,  ‘TrauJiuiii  cxaled  imagv  rev  omit  cxlion 

cxplorlir^  idcfbliKk  tonelalitti.'*  IEEE  Tnuvai //<*%>  on  Invs/t  ftwno 


iiv.  voL  4.  fp  1023-1027.  July  1995. 

|9|  S.  Rone.  G  5upm>.  and  M  Bnlahsuo.  *StriKluic  aul  tenure  lilliiig-iii  tif 

miteic^  strode  bkxk>  in  uircle»  UajismiiMu  .aid  to«ii|ircsMO«i  .^ilit.i- 

liOtlC  SubtWiftf  (« IEEE  Tm ium.VA%sr  ass  i'rrv.y»  P/fMYJriny  fmsuluAiV  .if 
HiiH.itm.itunaifu).  2001 

|101  J  W.  P.uk.  J  W  Km  and  S  IT.  La.  Dsl  cxtefTKicnls  revtnery -based 

etror  vocaxahitcnl  hxbnxfic  arsd  its  apfdtealaon  lo  llte  ni|Kg-2  bit  stream 

etiur."  IEEE  Tn*%*iKtt*\m  Cutuits  asif  .S\a,wu  ,0.v  t*v.V/.»  7<siWaVv». 
SXA  7.  W5-454.  D:t  1997. 

ill]  7.  AIL».Ik<jcU  and  \1.  B:ll.ctgc«.  'Fill  dtl  based  ^piliai  iksauun  inlei- 
paliiiiin  of  t&xks  sft  images.'*  IEEE  Tnuiwriv* s»  mi  /nww  Pn#4\ mux. 
vol  9.  pp.  729-732.  Afc  2000. 

1121  M  W  Murcellm.  M  J  (V.-rtrudi.  A  Bilgia  at»l  M  P  BotieL  "An 
osrfVtew  Of  JPEG-IOOX'*  m/XwVs  CMiymitmi  Ut/.nik.  pp.  525-544. 
2000. 

1 13)  S.  Siiconi.  F  Kut*eu!in.  and  R  Ward.  "RctoustrUtbon  of  tuw-lua:  peg 

totkd  muges  in  emu  prone  ens«uMUsUs.*‘  IEEE  lnmvMlu*j  no  Annv 

PttHYump  sol  9.  pp  1292-1299.  July  20CD 

1 141  K  Saycwd.  /MfAM&nVksvss  to  Du'a  Castyvnitius  Morgan  Kaufiunu  Pub- 
lisltefx  2000. 

1 151  D  Salorrwn.  Ciuifwuiui:  TTu  Cmyfrtr  fo,Q truer.  Sprntget- 

XVrrlir.  vewnd  cd.  2(150) 

1 161  I-  S  D  Bence  "MuliiictaltJaxi  ^nnp^ng  fntteedure  fc*  analysis  ai*d  syn- 
thesis  tenure  irrur.c%."  in  Cnsspsirr/  CrOpMet,  pp  561 -56X.  AC7V1  S1G- 
GRAPH.  1997 

1 171  I  PatiEi  aisd  E.  SuiKOtelli.  ‘Irrugc  ^unsiiig  si«  adfiranteul  uf  w-a\rk:l 

toeffcieiil  uugccOide  turtek«tk*s.~  7M  IEEE  InJ  V  CiufiW Imuxr  Ptt.%  t  w- 
mv.  UMe/Assv#.  Sc(<cir6c«  2000 


